Harnessing and predicting the shape deformation of microcosmic hydrogels with stimuli-responsiveness are of great interest to emerging micro-mechanics, bio-science, micro-robotics, or actuators. Here, we transformed the conventional two-dimensional single-beam theory to three-dimension domain for precisely simulating deformation of small-size hydrogels. Initiated by free radicals, hydrophilic diacrylate cleaved and polymerized into to an absorbent and temperature-sensitive polymeric matrix. After modifying the spacing between nanowires in ultrafast laser processing, the local residual stress generated by the mismatch of low-level polymeric spacing and high-level polymeric nanowires was accumulated as surface tension for controllable shape deformation. We built threedimensional model of the fabricated hydrogels and applied finite element simulation to reconstruct the shape reconfiguration of mesoscopic hydrogels. Results shown our algorithm precisely predict the bending angle, direction and stress variation, providing an effective method for pre-design the shape reconfigurable micro/nano scale hydrogels.
INTRODUCTION
Shape-reconfigurable micro/nano functional hydrogels (SFHs) were emerging, advanced elastic materials for biomimetic robots or actuators. In literature review, the two-photon stereo lithography, 3D printing, extrusion fabrication or ink-writing method have provided tremendous shape-controllable hydrogels, which act like man-made muscles, grippers, biorobotics or other programmable actuator,which is widely known as 4D additive manufacturing or active origami. [1] [2] [3] In polymer materials, polymeric matrix consisted of permanent covalent carbon bonds and various chemical functional groups could collaborate with outside-applied stimuli for judicious motion. [4] [5] [6] [7] [8] [9] [10] Numerous functional structures or smart devices, including robotics, self-construction or unfolding can undergo large shape deformation and simply depend on isotropic swelling-to-contraction behaviors. [3, [6] [7] [8] [9] If the smart actuation ability could be designed, predicted and realized within micro/nano scales, it would be highly valuable for the MEMSs and bio-science. Till now, these smart polymer-based hydrogels possess magnificent properties could be harnessed for novel shape-morphing applications. However, this is not achievable if the mechanical behaviors of hydrogels are not well understood. Herein, we aim to provide a basal theory associated with deformation of hydrogels, the phenomena were predicted, observed, and simulated. The elastic material could be considered as constitutive model for the stress-strain relationship derived from a strain energy density function (Such as Ogden material model, or Neo-Hookean model). [4, 5] Different to the conventional macro 4D printing, ultrafast laser processing extended the macroscopic shape morphing to micron-to-nanometer level, which offers with more competitive advantages than macro 4D printing. [11, 12] High instantaneous peak power of ultrafast laser pulse enables two-photon absorption (Figure 1 ) to boost the density of free radicals. C=C double bonds were cleaved to cross-link forming a robust, elastic polymeric network generating an intrinsic local strain around the gelled region as two-photon hydrogelation process. Molecular interactive force between functional groups and applied stimuli intrinsically drove the stimuli-responsiveness to ambinent water/temperature variation. [15] [16] [17] [18] [19] [20] [21] The surface tension modeling approach is investigated in the frame of an explicit finite element method for the prediction of structural elements' static response, which has a low computational cost and high accuracy in shape deformation and stress results. Experimental results present good consistence with numerical simulation, predicting a reliable environment sensing-actuation driven method. The proposed finite element simulation offers an effective mathematical tool for designing, predicting, evaluating the behaviors of the micro/nanoscale, nature-driven hydromorphic actuators, or robots.
RESULT
To control geometry of micro/nanostructures, we employed TPH to process polyethylene glycol diacrylate (PEG-DA) in small fraction of alcohol through a spacing-added strategy. Inorganic units are connected to organic moieties on a molecular level. [22] [23] [24] We applied the soft, laser-processable photoresist to achieve stimuli-responsive micro/nano scale hydrogels. The hygroscopic swelling contribution of the fabricated hydrogels is additive, the inelastic strain is the sum of the other inelastic strains and the hygroscopic strain. Expansion is different in different directions. When fabricate the shape-morphing hydrogels on substrate, the adhesive force formed during radical polymerization constrains volumetric expansion. [25] [26] [27] [28] We expound the magic of shaping formation based on using above mentioned surface tension model as the guidance for possible ultrafast laser processed shape-morphing applications.
SFHs autonomously manipulate ambient aqueous environment to realize reversible gripping, rotating or upbending. It is noteworthy that some other organic solvents like alcohol, glycol, isopropanol or methanol could also diffuse inside NFHs for similar actuating behaviors. To mathematically pre-design NFHs and predict their dynamic responsiveness, we build CAD model consisted of low cross-linked spacing (Figure 2) , high cross-linked NWs and bottom layer for finite element analysis (FEA). Deformation reveals how stress being generated, localized around the nanostructure and impacts motion trend. We assume local equilibrium at all material points in the volume, subsequently describe equilibrium condition by applying hyperelastic gel materials for large deformations subjected to inhomogeneous swelling or shrinkage. The commercial software ABAQUS (SIMULIA) and COMSOL are used to carry out FEA to recur the shape morphying of SFH, where we use an implicit solver to calculate the 3D deformations and stress-strain relationship. The geometrical nonlinearities are considered in the FEA. Eight-node linear hybrid brick elements are adopted with refined meshes to ensure computational accuracy. Based on the constructed theoretical model, the entire hydrogel layer is divided into three different parts, which are low cross-linked layer, high cross-linked layer and surface microstructure layer.
We assumed local equilibrium at all material points within the volume, and subsequently described the equilibrium condition by applying the hyperelastic gel theory. [4, 5, 25] The use of this hyperelastic gel theory allowed for the study of large deformations in polymeric gels subjected to inhomogeneous swelling caused by external mechanical loads. Because of the relatively small swelling ratio of the high cross-linked layer as compared to the entire hydrogel structures, the strains were typically quite small in the high cross-linked layer such that a linear elastic constitutive relation could be used in the FEA for simplicity. For low cross-linked layer and surface microstructure layer, a neoHookean hyperelastic constitutive relation with a Poisson's ratio of 0.5 was used, and the uniaxial stress-strain curve measured in the experiment was imported in the simulations. Note that a hyperelastic constitutive model was enable to capture the mechanical responses of the hydrogel layer more accurately. [5, 6, 17] We set boundery conditions according to cohesive behaviors on interfacial substrate of NFHs. For kinetics of solvent diffusion (colloquially known as solvent immigration), we make use of similarity between heat conduction and mass diffusion. FEA adopts the neo-Hookean law to figure out stress and volume variation. Simulation are compared with the experiment, showing stimuli-responsive behaviors are predictable and could be pre-designed before nanofabrication. For the kinetics of solvent migration, we make use of the similarity between heat conduction and mass diffusion. Therefore, instead of reformulating an entirely new user-defined element for this purpose, we can make use of the inbuilt coupled temperature-displacement analysis in ABAQUS. This analogy greatly reduces the amount of time taken for the finite element formulation of gel swelling/shrinkage kinetics. The simulation results are in good agreement with experimental swelling-induced volume changing (Figure 4) , further demonstrating FEA is capable of guiding the design of complex shape-morphing structures using programmed hydrogel structures. 
Experiment
We established an ultrafast laser writing system ( Figure 5 ) for this fabricating the shape-reconfigurable micro/nano structure. A femtosecond laser (Chameleon-Discovery) emitted wavelength-tunable, ultrafast laser pulses to photon initiate the cross-linking reaction. Terminal biological microscope was installed with a close-looped, nanopositioning piezo flexure stage (P-563.3, PI) with 0.2 nm step size for arbitrary 3D trajectories inside photoresist.
Laser-scanning paths was changed to modify direction of the gelled nanowires and the spacing. Spacing and NWs responded to stimuli at different speeds to local strain for shape mutation. Through modulation of laser parameters, the hydrogel established on cross-linked network possessed reversible large swelling-shrinkage behaviors. Figure 5 . Schematic of the established optical system for performing TPH.
